. Elevated levels of activin A in clinical and experimental pulmonary hypertension.
tion, vascular cell proliferation and remodeling, and thrombosis (17) . A number of mediators are involved in these processes, including endothelin (ET)-1, inflammatory cytokines, and decreased endothelial release of prostacyclin (10, 17) . However, the signaling pathways involved in development of PH are far from clear.
Growing evidence links the transforming growth factor (TGF)-␤ superfamily to PH (17) . This family consists of a number of cytokines, including bone morphogenetic proteins (BMPs) (3, 17) , and, notably, 80% of patients with familial PAH and 10 -30% of patients with IPAH have mutations in the BMP receptor II gene (9) , and these patients also present with PH at a younger age and with more severe hemodynamic comprise (28) . Activin A is another member of the TGF-␤ superfamily and signals, like TGF-␤ isoforms, primarily via Smad2 and Smad3 (23) . Follistatin regulates activin A bioactivity by preventing activin A/receptor interaction, representing a short-loop feedback system (7) . Our laboratory has previously reported a potential pathogenic role for activin A in HF and coronary artery disease, linking this cytokine to cardiovascular disorders (27, 31) . Based on these findings and its function in inflammation and collagen deposition, we hypothesized a role for activin A also in PH.
In this study, we have examined whether activin A is upregulated in human PH by measuring levels of circulating activin A. To investigate synthesis and localization of pulmonary activin A, we utilized an experimental model of hypoxiainduced PH. Possible pathophysiological mechanisms initiated by activin A in PH were studied by exposing pulmonary arterial smooth muscle cells (SMCs) in culture to this cytokine.
METHODS

Patients and controls.
Forty-seven patients with PH (mean pulmonary arterial pressure Ͼ 25 mmHg at rest, with a normal pulmonary capillary wedge pressure Յ 12 mmHg), in New York Heart Association functional classes III-IV, referred to our tertiary center for the characterization of suspected chronic precapillary PH, were recruited consecutively in the time period between 2000 and 2006 ( Table 1) . The study population was divided into three groups, according to type of PH (24, 26) : 1) patients with IPAH (n ϭ 15); 2) patients with APAH (n ϭ 18) [collagen vascular disease (n ϭ 13), liver cirrhosis (n ϭ 2), and human immunodeficiency virus infection (n ϭ 3)]; and 3) patients with CTEPH (n ϭ 14) verified with pulmonary angiograms. The data presented in Table 1 represent their medication at admission to our center. Following baseline evaluation, all patients were put on anticoagulants; diuretics were added in ϳ50% of those not already on such medication; three patients were treated with calcium channel blockers after being considered "responders" after acute vasodilator challenge; and "nonresponders" in New York Heart Association functional class III/IV were treated with inhaled or intravenous prostanoids (n ϭ 20), ET receptor antagonists (n ϭ 10), or sildenafil (n ϭ 3). The patients were followed prospectively for a mean period of 22 mo (0.5-72 mo). Fourteen sex-and age-matched individuals (7 men and 7 women, 44 Ϯ 12 yr) undergoing right-sided heart catheterization during electrophysiological studies of supraventricular arrhythmias, but with otherwise normal hemodynamic function and myocardial structure, served as controls. All patients and controls were Caucasians. Serum samples were obtained from pulmonary and femoral arteries, as described (10) . The regional ethical committee approved the study, and informed consent was obtained from each subject.
Human pulmonary tissue samples. Pulmonary tissue samples were employed from autopsy of seven patients with PH (IPAH, n ϭ 2; APAH, n ϭ 4; CTEPH, n ϭ 1) and eight controls (lung cancer patients with no history of other pulmonary disease), fixed in formalin, and embedded in paraffin for immunohistochemical analysis.
Animal model for PH. A total of sixty-eight 8-wk-old male C57Black/6j mice were either 1) placed in a tightly sealed chamber under normobaric hypoxia with an oxygen fraction of 10% (hypoxia group), or 2) housed under normoxic conditions (oxygen fraction of 21%; control group) for 1 or 2 wk (19) . PH was verified as previously described (19) . Measurements of the pulmonary artery acceleration time were performed by Doppler echocardiography on mice exposed to 1 or 2 wk of hypoxia and corresponding controls, under general anesthesia with inhalation of isoflurane. The investigation conforms to the Guide for the Care and Use of Laboratory Animals published by the National Institutes of Health (NIH publication No. 85-23, revised 1996) and was approved by the Norwegian National Animal Research Committee.
Analysis of gene expression. RNA was isolated from both lungs using TRIzol (Invitrogen, Carlsbad, CA) and DNase treated (RQI DNase; Promega, Madison, WI). cDNA was prepared using the High Capacity cDNA Archive kit (Applied Biosystems, Foster City, CA). Quantification of gene expression was performed using real-time quantitative RT-PCR on the ABI Prism 7000 (Applied Biosystems) and SYBRgreen detection (primer details are available on request), as previously described (30) . Normalization of gene expression was performed by using 18S or ␤-actin.
Western blotting. Western blotting was performed on homogenates prepared from both lungs of mice with hypoxia-induced PH or controls. Membranes were incubated with anti-human follistatin (Santa Cruz Biotechnology, Santa Cruz, CA), anti-human phosphoSmad2
Ser 465/467 (Cell Signaling Technology, Beverly, MA), or antihuman Smad2/3 (Upstate, Lake Placid, NY), stripped, and reprobed with anti-␤-tubulin (Sigma), followed by incubation with speciesspecific horseradish peroxidase-coupled secondary antibodies (Cell Signaling Technology). Visualization was performed with Supersignal West Pico Western blot detection system (Pierce, Rockford, IL) and exposure to Hyperfilm ECL (Amersham Biosciences, Buckinghamshire, UK). Films were scanned on the Kodak 440 CF imaging station, and quantification was performed using the densitometry software program Total Laboratory version 1 10 (Phoretix, Newcastle, UK).
Immunohistochemistry. Formalin-fixed sections of human (control, n ϭ 8; PH patients, n ϭ 7) and murine (control, n ϭ 3; PH mice, n ϭ 3) lungs were stained using affinity-purified polyclonal goat antihuman activin A (R&D Systems, Minneapolis, MN), goat anti-human follistatin (R&D Systems), mouse anti-human L1/calprotectin (MCA874G; expressed by monocytes/macrophages; Serotec, Oxford, UK), and rabbit anti-human von Willebrand factor (Abcam, Cambridge, UK) IgG and monoclonal mouse anti-human smooth muscle actin IgG (DakoCytomation, Glostrup, Denmark). The primary antibodies were followed by biotinylated anti-goat, anti-mouse, or antirabbit IgG (Vector Laboratories, Burlingame, CA). The immunoreactivities were amplified using avidin-biotin-peroxidase complexes (Vectastain Elite kit, Vector Laboratories). Diaminobenzidine was used as chromogen in a commercial metal enhanced system (Pierce). Sections were counterstained with hematoxylin. Omission of primary antibody served as negative control.
Pulmonary arterial SMC and endothelial cell culture. Human pulmonary artery SMCs (PromoCell, Heidelberg, Germany) were grown in SMC growth medium 2 kit (catalog no. C-12521, PromoCell). Before the experiment, cells were grown until 80% confluence, washed, and stimulated in OptiMem (Invitrogen) supplemented with activin A (100 ng/ml) or vehicle. For measurement of proliferation, the cells were stimulated 6 h with activin A (100 ng/ml) or vehicle before adding [ 3 H-methyl]thymidine (Amersham, 1 Ci/ml). After an additional 18 h, cells were harvested and analyzed as described previously (14) . Primary human umbilical vein endothelial cells (HUVECs) were cultured as previously described (18) . When examining gene expression of ET-1 and plasminogen activator inhibitor (PAI)-1, SMC and HUVEC were stimulated with 100 ng/ml human recombinant activin A (R&D Systems) for 6 or 24 h, and cell pellets were stored at Ϫ80°C until real-time RT-PCR analysis. The actual dosage of activin A was based on preliminary dose-response experiments. Although an activin A concentration of 100 ng/ml was used for further experiments, some stimulatory effect was also seen at a concentration of 10 ng/ml.
Enzyme immunoassays. Levels of activin A (Serotec Ltd) and follistatin (R&D systems) were analyzed by enzyme immunoassays.
Statistical analysis. When more than two groups were compared, the Kruskal-Wallis test was performed, and, if significant, the MannWhitney U-test was performed to determine differences between each pair of groups. For comparison of two groups, the Mann-Whitney U-test was used. For comparisons within the same individuals, the Values are means Ϯ SE; n, no. of subjects. IPAH, idiopathic pulmonary arterial hypertension (PAH); APAH, associated PAH; CTEPH, chronic thromboembolic pulmonary hypertension; RAP, right atrial pressure; MPAP, mean pulmonary artery pressure; PCWP, pulmonary capillary wedge pressure; CO, cardiac output; PVR, pulmonary vascular resistance; SvO 2 , mixed-venous oxygen saturation; peak V O2, maximal oxygen uptake; NT-pro-BNP, NH2-terminal pro-brain natriuretic peptide. The medication represents therapy at baseline before any interventional therapy was started.
Wilcoxon signed-rank test was used. Coefficients of correlation were calculated by the Spearman rank test. Multivariate Cox regression analysis was applied to identify the independent predictive value of activin A after adjusting for known predictors of mortality in PH (i.e., peak oxygen uptake, heart rate, systolic blood pressure, right atrial pressure, mixed-venous oxygen saturation). Kaplan-Meier curves were generated, and the log rank test was used to compare mortality rates in relation to activin A and follistatin levels. Data are given as means Ϯ SE, unless otherwise stated. Probability values (2-sided) were considered significant at a value of Ͻ0.05.
RESULTS
Serum levels of activin A and follistatin in patients with
PAH. PH patients [IPAH (n ϭ 15), APAH (n ϭ 18), CTEPH (n ϭ 14)] had significantly raised serum levels of activin A compared with controls (n ϭ 14), as shown both in mixedvenous (i.e., pulmonary artery) and in arterial blood (i.e., femoral artery) (Fig. 1, A and B) . Serum levels of follistatin were also elevated in PH patients, but the increase was most prominent and reached statistical significance in all patient groups only in arterial blood (Fig. 1, C and D ). There were no significant differences in activin A or follistatin levels between the different PH categories, suggesting that the increased levels are independent of etiology and related to PH per se. While there was no transpulmonary gradient for activin A, PH patients, but not controls, had significantly higher serum follistatin levels in the femoral than in the pulmonary artery (1,832 Ϯ 130 vs. 1,676 Ϯ 132 pg/ml; P Ͻ 0.001), with a similar pattern in all PH subgroups, potentially suggesting a net release of follistatin from the lungs during PH. However, the absolute changes were relatively low, and caution is needed when interpreting these data. Moreover, venous activin A levels were inversely correlated with maximal oxygen uptake during exercise testing (r ϭ Ϫ0.42, P Ͻ 0.01) and arterial oxygen saturation (r ϭ Ϫ0.34, P Ͻ 0.05). In contrast, we found no relationships between activin A or follistatin and cardiac output, mixed-venous oxygen saturation, right arterial pressure, pulmonary vascular resistance, or NH 2 -terminal pro-brain natriuretic peptide (data not shown).
There are several reports of increased plasma levels of activin A and follistatin during chronic renal failure (4, 15) , potentially at least partly reflecting increased release of activin A into the circulation secondary to the use of heparin during hemodialysis (4). However, in the present study, no patients were taking heparin, and we found no correlation between creatinine levels and serum levels of activin A and follistatin (data not shown). Fig. 1 . Serum levels of activin A (A and B) and follistatin (C and D) in patients with pulmonary hypertension (PH) classified as idiopathic (IPAH, n ϭ 15) and associated pulmonary arterial hypertension (APAH, n ϭ 18) and chronic thromboembolic PH (CTEPH, n ϭ 14), and in sex-and age-matched control subjects (n ϭ 14). Blood was collected from the pulmonary artery (A and C) or femoral artery (B and D). Values are means Ϯ SE. *P Ͻ 0.05, **P Ͻ 0.01, and ***P Ͻ 0.001 vs. control subjects. KaplanMeier curves show the cumulative incidence of death during the observation period, according to dichotomized levels of activin A (above or below median levels) at baseline in venous blood (pulmonary artery) (E) and arterial blood (femoral artery) (F).
Activin A levels in relation to mortality in PH patients. During a mean follow-up of 22 mo, 11 patients died (3 patients with IPAH, 6 with APAH, and 2 with CTEPH), all cardiopulmonary deaths. When generating Kaplan-Meier curves showing the cumulative incidence of death during the observation period, according to dichotomized levels of activin A or follistatin (above or below median levels), we found a higher mortality rate in those with high (i.e., above median 796 pg/ml) compared with those patients with low activin A levels, as shown in both mixed-venous and in arterial blood (Fig. 1, E  and F) . No such association was found between follistatin levels and mortality (data not shown). However, the present study was not designed or powered to investigate the role of activin A as a prognostic marker in PH, and these observations must be regarded as preliminary. Accordingly, only univariate data are presented, and larger studies are needed to evaluate activin A as prognostic marker in PH.
Activin A and follistatin in experimental PH. An experimental model of hypoxia-induced PH was utilized to investigate synthesis and localization of pulmonary activin A. The ratio between the weight of the right ventricle and left ventricle plus septum was increased at 1 wk in the hypoxia group compared with controls (0.23 Ϯ 0.01 vs. 0.17 Ϯ 0.01; P Ͻ 0.05, n ϭ 8/8) and at 2 wk of hypoxia (0.25 Ϯ 0.01 vs. 0.17 Ϯ 0.01; P Ͻ 0.001, n ϭ 8/8), indicating right ventricular hypertrophy due to PH. At both time points, the left ventricular weight-to-body weight ratio was unaltered in the hypoxia group. Moreover, pulmonary artery acceleration time measured by Doppler echocardiography was reduced after hypoxia for 1 wk (19.1 Ϯ 0.5 vs. 23.9 Ϯ 0.8 ms) and 2 wk (18.0 Ϯ 0.9 vs. 24.9 Ϯ 1.1 ms, hypoxia group vs. control group; P Ͻ 0.05 for both comparisons), indicating PH.
Activin A is a homodimer of activin ␤ A -subunits, and at the mRNA levels, we found significantly elevated pulmonary expression of activin ␤ A after 2 wk of hypoxia, whereas the increase did not reach statistical significance at 1 wk of hypoxia (n ϭ 8/8, Fig. 2A ). The protein level of pulmonary activin A was significantly higher in the hypoxia group compared with control at 1 wk and unchanged at 2 wk of hypoxia (n ϭ 8/8, Fig. 2B ). A similar pattern was also seen in serum with elevated serum levels of activin A after 1 wk of hypoxia, but not after 2 and 4 wk, although the difference did not reach statistical significance (P ϭ 0.07 vs. control mice). As depicted in Fig. 2C , activin A levels in the lungs increased over time in control animals. The reason for this pattern is at present unclear, but, as activin A levels have been reported to increase with age in humans (20) , it is possible that this is what is reflected in our measurements in the mouse model. We found an increase in the pulmonary mRNA levels of follistatin throughout the study period during hypoxia-induced PH (n ϭ 8/8, Fig. 2C ), but with no significant changes in protein levels (data not shown). Finally, we examined the gene expression of activin receptor II, the activin A-binding part of the activin A receptor complex, and found significantly increased gene expression after both 1 and 2 wk of hypoxia (n ϭ 8/8, Fig. 2D ). This finding may suggest increased activin A receptor function and thus increased activin A responses during PH.
Smad2 phosphorylation in experimental PH. Activin A primarily signals via activation of the Smad2/3 pathway. We found that mice with hypoxia-induced PH had a marked increase in the ratio of phosphorylated Smad2 to total Smad2/3 at 1 and 2 wk of hypoxia, demonstrating activation of this pathway (n ϭ 8/8, Fig. 3, A and B) . The total levels of Smad2/3 were not changed in mice with PH (n ϭ 8/8, Fig. 3, A and C) . It may seem contradictory that Smad2/3 signaling is still increased, whereas pulmonary activin A levels have dropped. However, as TGF-␤ also signals via this pathway, our findings may at least partly reflect that, in addition to upregulation of activin A, as shown in the present study, hypoxia-induced PH is also characterized by persistently increased TGF-␤ activity, as also suggested by others (6) .
Localization of activin A and follistatin in pulmonary tissue. Immunohistochemical analysis revealed the presence of activin A and follistatin immunoreactivities in pulmonary tissue from both humans (Fig. 4) and mice with PH (Fig. 5) . First, the strongest expression of activin A and follistatin in both human and murine lungs was seen in alveolar macrophages (Fig. 4, D  and G; Fig. 5, D and G) . While the staining pattern of activin A was similar within alveolar macrophages in all patients, the amount of alveolar macrophages showed variations, but with no significant differences between the various diagnostic subgroups of PH. Second, while weak expression of activin A was observed in other interstitial cells and in arterial and venous SMC in lungs from PH patients (Fig. 4C) , fairly strong activin A immunoreactivity was seen in vascular SMC in murine lungs (Fig. 5B) . Thus both increased number of alveolar macrophages and increased expression in vascular SMCs may be responsible for the increase in activin A levels in PH lungs. Third, follistatin immunoreactivity was fairly strong in SMC and epithelial cells, i.e., ciliated cells in the conductive airway, in pulmonary tissue from both humans and mice with PH ( Fig.  4F and 5F ).
Activin A induces ET-1 and PAI-1 gene expression and proliferation in pulmonary artery SMC and ET-1 gene expression in endothelial cells.
To further elucidate a potential pathogenic role in PH, we investigated the effect of activin A on pulmonary arterial SMCs. Several significant findings were revealed (Fig. 6) . First, activin A significantly increased the proliferation of these cells. Second, PAI-1 has been shown to be essentially involved in vascular remodeling processes, possibly involving effect on SMC (5), and, notably, activin A induced a marked increase in gene expression of PAI-1 in pulmonary arterial SMCs (Fig. 6B) . Third, ET-1 is also implicated in the pathogenesis of PH (13), and activin A promoted an increase in mRNA levels of pre-pro-ET-1 in pulmonary arterial SMCs, as well as in HUVECs (Fig. 6, C and D) . Finally, in PH patients, serum levels of activin A were significantly correlated with serum levels of ET-1 (Fig. 7) , and, although caution is needed when interpreting correlation analyses, these finding may potentially suggest an in vivo interaction between these two mediators.
DISCUSSION
The discovery that a majority of patients with familial PAH have mutations in the BMPR2 gene has drawn attention to the pathogenic role of TGF-␤ superfamily in PH (17) . Herein we demonstrate markedly elevated serum levels of the TGF-␤ superfamily member activin A in different groups of PH patients, including patients with IPAH, APAH, and CTEPH. The relationship between high activin A levels and mortality in PH patients further suggests a role for activin A in PH. However, this study was not designed to investigate the role of activin A as a prognostic marker in PH, and the survival data should be interpreted with caution.
Strong expression of activin A in alveolar macrophages has been reported in pulmonary fibrosis, contributing to cell proliferation and fibrosis (21) . We extend these findings by showing strong activin A immunostaining in lungs during both clinical and experimental PH, and its relation to alveolar macrophages further suggests a role for inflammatory cells in PH. Moreover, the increase in mRNA levels of both activin A and follistatin in lung tissue in the mouse model indicates local synthesis of these peptides during the development of PH. Our findings of an increased ratio of phosphorylated Smad2 to total Smad2/3 within the lungs in experimental PH further support increased pulmonary activin A activity during PH. Richter et al. (25) have previously reported increased phosphorylated Smad2 in the endothelial cells from the lungs in PH patients, and our findings in the present study may suggest that increased activin A activity could contribute to the increased Smad2/3 signaling during PH.
The present study also illustrates that the regulation of activin A during experimental PH is rather complex. Thus, while there was an early increase in protein levels of activin A within lung tissue, this was followed by a decrease at the end of the observation period. At present, we have no firm explanation for this pattern, but it is tempting to hypothesize that this may reflect that chronic as opposed to acute hypoxia could downregulate the expression of this cytokine, at least in this Fig. 3 . Analysis of the Smad2/3 pathway in lungs from mice subjected to hypoxia and controls after 1 wk (n ϭ 8/8) and 2 wk (n ϭ 8/8). A: representative Western blot analysis of levels of phosphorylated (P) Smad2 and total Smad2/3. B: P-Smad2 related to total Smad2/3 levels. C: total Smad2/3 levels relative to ␤-tubulin. Values are means Ϯ SE. *P Ͻ 0.05 and **P Ͻ 0.01 vs. control mice.
model. An early increase followed by a subsequent normalization or decrease has also been reported during brain and fetal hypoxia (29) . In contrast to the protein level, the mRNA levels of activin ␤ A were significantly elevated in pulmonary tissue after 2 wk of hypoxia, suggesting that activin A may be subjected to posttranscriptional regulation in this model.
Regarding PH, activin A may affect the major cell types and processes involved in the pathogenesis. First, proliferation and migration of vascular SMC are central pathogenic events in PH (17) . Activin A has previously been suggested to play a role in airway remodeling by promoting proliferation of SMC in lungs during asthma (8) , and herein we show that activin A significantly enhances proliferation of human pulmonary artery SMC, further indicating a role for activin A in vascular remodeling. Second, Hoeper et al. (16) have previously reported increased plasma levels of PAI-1 in PAH patients, and we demonstrate that activin A increases gene expression of this serine protease inhibitor in pulmonary artery SMC. PAI-1 has been shown to be essentially involved in vascular remodeling processes, possibly by facilitating migration and/or proliferation of SMC (5, 11) . If such PAI-1-inducing effects also are operating in SMC within the pulmonary arterioles in PAH patients, it would link activin A not only to vascular remodeling, but also to thrombus formation during PAH. Third, activin A has been shown to stimulate proliferation and differentiation of lung fibroblasts and to promote bleomycin-induced pulmonary fibrosis (2, 22) , and similar activin A-mediated effects on fibroblasts could contribute to the collagen deposition observed during PH (2) . Finally, in the present study, we demonstrate that activin A induces gene expression of ET-1, linking activin A not only to pulmonary vascular remodeling, but also to the vasoconstriction that characterizes PH (13) . However, our in vitro data should be interpreted with some caution. Although it is conceivable that activin A levels may be much higher within a fibrotic and inflammatory environment, as in the lung from patients with PH, than in serum, the actual dosage of activin A that was used in the present study was rather high.
Thus, further studies are needed to clarify if activin A is an important mediator and not only a marker in PH.
Follistatin is the main biological inhibitor of activin A bioactivity, binding it with high affinity, thereby inhibiting receptor interaction (7) . Thus, while raised activin A levels during PH may reflect pathogenic or causative mechanisms, the rise in follistatin may be protective. In line with this, activin A is a main inducer of follistatin expression, and the raised levels of follistatin during PH may, therefore, represent a counterregulatory mechanism to the raised activin A levels (7). Interestingly, during experimental PH, there was no increase in protein levels of follistatin, as opposed to the early increase in protein level of activin A, potentially resulting in less inhibition of activin A activity. However, follistatin may also bind other TGF-␤ superfamily members such as myostatin (1), potentially resulting in inhibition of other responses, and further studies are needed to delineate the interaction between activin A and follistatin and possibly other mediators during PH.
In conclusion, our findings may suggest that the involvement of the TGF-␤ superfamily in the pathogenesis of PH should include activin A, potentially contributing to vascular remodeling, fibrosis, thrombus formation, and vasoconstriction during PH, representing a hitherto unrecognized pathogenic mediator in this disorder.
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